from a normal range of 11 -25 to lengths beyond 36 (1) . A key feature of HD is the 36 appearance of intracellular aggregates of N-terminal fragments of mutant Htt that includes 37 the polyQ segment (2). Ectopic expression of exon 1 in its polyQ-expanded form is sufficient 38 to recapitulate neurological defects and aggregation pathology resembling HD in a variety of 39 animal model contexts (3-5). Because of this, the Htt exon 1 fragment (Httex1), has been the 40 focus of intensive study in efforts to illuminate the basis of the "gain-of-toxicity" functions 41 attributable to the polyQ expansion. 42
There is growing evidence that toxic properties of mutant Htt arise from the 43 interactions involving soluble forms of polyQ-expanded Httex1 prior to its aggregation into 44 visible aggregates (6-13). Yet, an outstanding question remains: how do soluble forms of 45
Httex1 that encompass expanded polyQ tracts give rise to toxicity and cell death? Some of 46 the most popular hypotheses stem from studies using monoclonal antibodies to measure 47 distinct conformational epitopes of Httex1 (9, 10, 12, 14) . These studies point to polyQ 48 expansion enabling access to novel conformations that mediate pathogenic interactions. 
RESULTS 99

PolyQ expansion does not alter Httex1 structural (dis)order 100
Sequence-based predictors suggest that Httex1 is intrinsically disordered -a 101 prediction that is insensitive to increases in polyQ length (Fig S1) (29) . If the predictors are 102 correct, then Httex1 should generally lack stable hydrogen bonds. Hydrogen-deuterium 103 exchange (HDX), which when combined with NMR spectroscopy or mass spectrometry 104 (MS) serves as a powerful method to detect the presence of stable hydrogen bonds. We used 105 HDX combined with NMR to uncover protected amide hydrogens for the 25Q construct. 106
Utilizing purified recombinant Httex1 25Q (Fig S2; either the 25Q or 46Q forms, suggesting an absence of persistent hydrogen bonds (Fig S3) . In 110 an effort to detect weak hydrogen bonds we also investigated HDX at pH 4. Under these 111 conditions, the exchange of a freely exposed peptide group is approximately 3-orders of 112 magnitude slower than at pH 7.5 (30). For Httex1 25Q, seven backbone amide hydrogens 113 were protected from deuteration at pH 4. These correspond to residues in the C-terminal 114 region L67, L68, Q72, G83, L91, V86, and W97 (Fig 1A) . Except for the C-terminal W97 all 115 these residues with protected amide hydrogens were flanked on one or both sides by proline 116 residues. In addition, the side-chain NH 2 groups of Gln residues also exchanged rapidly. 117
We could not obtain an NMR spectrum for the 46Q form of Httex1 because of two 118 technical challenges. First, the protein aggregated at the high concentrations (100 M) 119 required for NMR. Second, it was not possible to assign every Gln in the polyQ stretch to a 120 unique resonance (Fig 2A) . As an alternative strategy to measure structural differences 121 between the 46Q and 25Q forms of Httex1 we turned to HDX-mass spectrometry (HDX-MS; 122 Fig S4) . This approach enabled measurements of global HDX under far more dilute protein 123 concentrations (5 M) whereby aggregation was considerably slower and hence 124 measurements could be attained before aggregation. There was no significant difference in 125 HDX between the 25Q and 46Q forms whether the measurements were performed at pH 7.5 126 or pH 4 (Fig 1B) . Treatment with denaturant (8 M urea-d 4 ) also did not change the HDX 127 patterns. These results collectively indicate that Httex1 is devoid of persistent hydrogen 128 bonding in its soluble form and this is true irrespective of whether the polyQ length is in the 129 normal or pathological range. 130
Soluble polyQ is devoid of persistent secondary structure but is characterized by the 131
presence of rigid domains 132
Previous experiments and simulations have suggested that polyQ prefers to adopt an 133 array of collapsed conformations of equivalent thermodynamic preference (31, 32) that arises 134 from water being a poor solvent for polyQ (33). Collapsed globular conformations minimize 135 the chain-solvent interface between polyQ and aqueous solvent. This behaviour is in contrast 136 to that of canonical random coils that prefer expanded conformations to maximize chain-137 solvent interactions (34). Additionally, studies based on atomic force microscopy suggest 138 that polyQ globules display considerable mechanical rigidity (19, 35, 36) . Importantly, these 139 compact structures have been previously suggested by simulations to be formed via labile 140 combinations of backbone and side-chain hydrogen bonds whereby stable hydrogen bonds do 141 not persist (31, 37-39), an observation that is also true of generic polyamides including 142 polypeptide backbones sans any side-chains (40). 143
Our HDX data are consistent with predictions of conformational heterogeneity within 144 the polyQ domain, and through Httex1. To understand the broader implications of our HDX 145 data and discern differences, if any, in the sequence-specific conformational preferences of 146 different sequence blocks within Httex1 we used high-resolution NMR spectroscopy. Fig 2A  147 shows the near complete non-proline backbone assignment of 13 (Fig S5) . The first four residues within Httex1 have 168
negative NOE values, which is consistent with high mobility of the N-terminus (Fig 2C) . with labile intra-molecular hydrogen bonds, although these conformations also involve a 179 coexistence of compact-rigid parts within N17 and the polyQ tract and extended 180 conformations within the proline-rich region. These findings hint at a tadpole-like 181 architecture for Httex1, and we assessed this possibility using atomistic simulations. 182
Atomistic simulations highlight distinctive tadpole-like architectures for Httex1 183
We preformed atomistic simulations of Httex1 with 25Q and 46Q using the 184 ABSINTH implicit solvation model and force field paradigm (50) to provide a physical 185 picture for the dualities observed using HDX versus ΔC-ΔC and 15 N{ 1 H}NOE analysis. 186
The results are summarized in Fig 3 . Both 25Q and 46Q showed limited persistent secondary 187 structural preferences (Fig 3A) . A modest preference for -helical structure extending from 188 the N-terminus through the polyQ domain was observed, and this is consistent with the Δ To quantify the degree of conformational heterogeneity within Httex1, we examined 213 the degree of conformational similarity within the entire ensemble of simulated 214 conformations. Similarity is quantified in terms of an order parameter denoted as  where 0 215 ≤  ≤ 1 (54) . If the degree of conformational heterogeneity within a chain is similar to that of 216 a reference random coil, then the extent of conformational dissimilarity within the ensemble 217 is equivalent to that of the coil ensemble and ≈0. Conversely, if a chain adopts a singular, 218 stable structure, then the conformational heterogeneity is low and ≈1. Fig 3C shows pelleting. Using a label-free quantification strategy, we found five proteins to be enriched by 254 more than two-fold (p<0.05) as binding partners of 46Q when compared to the 25Q 255 counterpart (Fig 4; Table S3 ). These proteins were Fus, Pebp1, Prdx6, Gars, and Hist1h4a. 256
None of these proteins are known to interact with each other as assessed by protein-protein 257 interactions with the STRING v10 algorithm (57). This suggested that the interactions 258 between Httex1 and each of Fus, Pebp1, Prdx6, Gars, and Hist1h4a are independent of one 259
another. One explanation is that they are mediated by novel properties arising from the 260 expanded polyQ tract in 46Q. 261
The most prominent interaction partner of soluble 46Q Httex1 was Fus, which 262 functions to sequester RNA into stress granules (58, 59). The low complexity sequence 263 regions within Fus are enriched in polar amino acids, which mediate phase separation that 264 drives Fus into stress granules. The N-terminal low complexity sequence in particular is able 265 to drive liquid-liquid phase separation in the micromolar range and fibril formation that leads 266 to hydrogels in the millimolar range (60). Our data raised the prospect that soluble Httex1 267 has a selective affinity to Fus through a phase-separation and co-mixing mechanism between 268 its low complexity domains and the polyQ sequence. Indeed, previous studies showed that 269 proteins with low complexity domains, such as Fus, are preferentially recruited into 270 aggregates formed by Httex1 with expanded polyQ tracts (61). 271
We performed survival curve analyses in order to determine whether the gain of 272 function interaction between Fus and the 46Q version of Httex1 is protective or toxic to cells. toxic to cells as quantified in cell survival measurements (7-13). Here, we have focused on a 304 detailed structural characterization, using a combination of biophysical methods, to uncover 305 the structural features of soluble Httex1 for wild type and pathological polyQ lengths. These 306 studies were designed to investigate the possibility that polyQ expanded Httex1 undergoes a 307 discernible structural change when compared to constructs with wild type polyQ. By 308 measuring HDX by both NMR and MS we find no evidence for any changes in solvent 309 protection, to imply the presence of stable hydrogen bonds, with increased polyQ length. 310
However, despite the lack of persistent structure, our analysis of 15 N{ 1 H} NOEs reveals that a 311 large fraction of the N17 and polyQ regions form conformationally rigid regions, 312 considerably more so than archetypal intrinsically disordered proteins such as -synuclein. 313
These data point to the presence of compact regions within Httex1 that prevail despite the 314 absence of specific and persistent hydrogen bonding. The apparent duality of conformational 315 rigidity and heterogeneity are reconciled by atomistic simulations, which reveal that Httex1 316 adopts tadpole-like topologies regardless of polyQ length. In these tadpole-like structures, the 317 given our structural characterization that goes beyond almost all previous efforts that were 365 limited to artificial constructs (66). 366
MATERIALS AND METHODS 367
Plasmids 368
For bacterial expression, Httex1 was cloned as a fusion with a TEV protease 369 cleavable his-tagged maltose binding protein (MBP) tag using a pET28 vector (Novagen, 370
Hornsby Australia) using PCR-mediated cloning procedures similar to described (62). Here, 371 the construct lacked the fluorescent protein tag and had an appended unique tryptophan at the 372 C-terminus (details of sequence in Table S1 ). 373
For mammalian expression, cDNA (except Fus) was expressed in pTREX-based 374 vectors (Invitrogen) and encoded Emerald derivative of GFP (EmGFP), Httex1 25Q-EmGFP, 375 46Q-EmGFP, GFP Y66L, Httex1 25Q-mCherry or Httex1 46Q-mCherry, and mCherry in the 376 pEGFP C1 vector (described in detail in Table S1 ) (8). Human Fus was cloned into pEYFP-377 C1 vector. 378
Recombinant Httex1 production 379
To produce unlabelled or 15 N-labelled Httex1, pET28-Httex1 plasmid was 380 transformed into BL21 (DE3; NEB, Ipswich MA) cells using kanamycin as the selection 381 antibiotic. A single colony was picked to create an overnight culture in 10 mL LB at 37 °C in 382 a shaking incubator. 2 mL overnight culture was used to inoculate 500 mL autoinduction 383 media ZM-5052 (67) containing kanamycin (50 g/mL; Sigma-Aldrich).
15 N-labelling was 384 achieved using N-5052 media (67) using 15 NH 4 -Cl (Sigma-Aldrich). Cells were grown to an 385 OD 600 induction. Cells were harvested, lysed and stored as described above. 403
Proteins were purified first through a 5 mL HisTrap column (GE Healthcare, 404 Australia) using binding buffer (20 mM Tris-HCl, 500 mM NaCl, 5 mM imidazole; pH 7.5) 405 and elution buffer (20 mM Tris-HCl, 150 mM NaCl, 150 mM imidazole; pH 7.5) then a 5 mL 406
MBPTrap column (GE Healthcare; on the GE Healthcare ÄKTA Pure chromatography 407 system). 408 TEV protease production, purification and cleavage 409 TEV protease was produced as described (69). Briefly, BL21 E. coli were 410 transformed with pTEV (S219V) and grown in 2×YT broth with kanamycin as the selection 411 antibiotic. 5 mL of overnight culture was used to inoculate 1 L 2 × YT broth, and the culture 412 was incubated (with shaking) at 37 °C until OD 600 0.6. IPTG (0.4 mM final concentration) 413 was added for a 4 hour induction at 30 °C. Cells were pelleted (5,000 g; 30 min; 4 °C) and 414 lysed with lysozyme as described above. TEV protease was purified using a HisTrap column 415 (GE Healthcare) using bind buffer (40 mM sodium phosphate, 300 mM NaCl, 25 mM 416 imidazole; pH 6.8) and elution buffer (40 mM sodium phosphate, 150 mM NaCl, 300 mM 417 imidazole; pH 6.8), then stored in 10% glycerol. This protocol produced a final concentration 418 of 3-4 mg/mL TEV protease. Cleavage activity was tested before use. and TEV protease, which all contain his tags, by filtration through a 5 mL HisTrap column 423 equilibrated with a low salt buffer (20 mM Tris, 100 mM NaCl, 25 mM imidazole; pH 7.5). 424
The flow through containing Httex1 was concentrated using an Amicon Ultra centrifugal 425 filter unit (3,000 Da NMWCO cut off; Merck-Millipore, Bayswater Australia). The resultant 426 concentrate was desalted using a PD10 column (Sephadex G-25; GE Healthcare) into sodium 427 acetate buffer (150 mM; pH 4) and adjusted to a final protein concentration of 100 M as 428 measured by spectrophotometry. 429
HDX-MS sample preparation 430
To initiate protein deuteration 5% v/v protein solution (Httex1 25Q and Httex1 46Q) 431 was mixed with 95% deuterated buffer at either pH 7.5 (20 mM Tris-HCl, 100 mM NaCl) or 432 pH 4 (150 mM sodium acetate buffer). H-D exchange was quenched by reducing pH to 2. have been published previously. Three independent simulations were conducted for each 470 construct using parameters from the abs_3.2_opls.prm parameter set. Protein atoms, as well 471 as neutralizing and excess Na + and Cl -ions, were modeled using atomistic detail. The excess 472 NaCl concentration in the simulations was 5 mM. The specific sequences used were Ace-473 GHMATLEKLMKAFESLKSF-Q n -P 11 -QLPQPPPQAQPLLPQPQ-P 10 -474 GPAVAEEPLHRPKKW-Nme. Here, n=25 and 46, Ace is the N-terminal acetyl unit, and 475
Nme is the C-terminal N-methyl amide. The protonated version of histidine was used in order 476 to mimic a solution condition of pH 4. Simulations were conducted in spherical droplets with 477 radii of 150 Å. Temperature replica exchange was used to enhance sampling and followed the 478 
5.15×10
7 simulation steps such that each simulation generated 10,300 frames. These frames 484
were furthered filtered to remove any frames in which a residue within the polyQ domain was 485 within 8 Å of any residue C-terminal to the P 11 stretch given that previous single molecule 486 JuLI-Stage live cell imager (NanoEntek, Seoul Korea) with images acquired every 20 536 minutes for a further 55 hours using the YFP and RFP filter channels as described (13). Cells 537 were categorized into those that formed inclusions (at some point during the timecourse) and 538 those that did not, and their respective survival rates were compared using the Log-rank 539 Labelled residues are observed after hydrogen-deuterium exchange. (B) Hydrogen-818 deuterium exchange of Httex1 25Q and 46Q were measured over 10 minutes using mass 819 spectroscopy at both pH 7.5 and pH 4. Exchange plateaued at ~80% (due to back-exchange in 820 the protonated solvent during chromatography separation prior to MS). 
